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WKHPDWHULDO FRPSRVLWLRQ DQG WKH GHSRVLWLRQ SDUDPHWHUV RQ WKH ILOP UHVLVWLYLW\ DQG WKH WHPSHUDWXUH FRHIILFLHQW RI
UHVLVWDQFHZHUHH[DPLQHG6ZDQVRQHWDO.D]LHWDO/DLHWDO'DQLVPDQHWDO
7R SURGXFH WKHVH GHYLFHV WKH WKLQ ILOPQHHG WR EH SDUW\ DEODWHG WR JHQHUDWH WKH GHVLUHG IXQFWLRQDOLW\%HVLGHV
OLWKRJUDSK\ ODVHU VWUXFWXULQJ LV D SURPLVLQJ WRRO IRU VHOHFWLYH VWUXFWXULQJ RI WKLQ ILOPV /DVHU VWUXFWXULQJ LV IRU
H[DPSOH DOUHDG\ FRPPHUFLDOO\ DSSOLHG IRU VHULDO LQWHUFRQQHFWLRQ RI &,*6 &RSSHU,QGLXP*DOOLXP'LVHOHQLGH
WKLQILOPVRODUFHOOV&RPSDDQHWDO
6HYHUDOVWXGLHVRIODVHUSURFHVVLQJRIPHWDOOLF&KURPLXP+HLVHHWDO:DQJHWDO.LPHWDO
DQG1LFNHO 3UHXVVHW DO *GGHHWDO  WKLQ ILOPVZHUHSHUIRUPHG+RZHYHU DV IDUDV WKHDXWKRUV
NQRZQRGHWDLOHGVWXG\RIVHOHFWLYHODVHUVWUXFWXULQJRI1LFNHO&KURPLXP$OOR\ILOPVZDVSHUIRUPHG
7KHUHIRUH WKH SUHVHQWZRUN IRFXVHV RQ IXQGDPHQWDO LQYHVWLJDWLRQV RQ WKH VHOHFWLYH ODVHU VWUXFWXULQJ RI D WKLQ
1LFNHO&KURPLXP DOOR\ ILOP RQ JODVV VXEVWUDWH XVLQJ XOWUDVKRUW SXOVHG ODVHU UDGLDWLRQ 7KH LQIOXHQFH RI WKH








RWKHU ODVHU SDUDPHWHUV XVLQJ D SXOVH SLFNHU:LWK WKLV GHYLFH WKH SXOVH UHSHWLWLRQ UDWH IS FRXOG EH GLYLGHGE\ DQ
LQWHJHU Q GRZQ WR ISQ 7KH SXOVH SLFNHU VHOHFWHG RQO\ HYHU\ QWK SXOVH DQG EORFNV WKH RWKHUV ,I QRW RWKHUZLVH
PHQWLRQHGWKHUHSHWLWLRQUDWHZDVVHWWRN+]7KHPD[LPXPSXOVHHQHUJ\ZDV-7KHSXOVHHQHUJ\FRXOGEH
SUHFLVHO\ FRQWUROOHG XVLQJ DQ DWWHQXDWRU FRQVLVWLQJ RI DQ$20 DFRXVWR RSWLFDOPRGXODWRU 7KH ODVHU EHDPZDV
IRFXVHGDWQRUPDOLQFLGHQFHRQWRWKHVDPSOHVXUIDFHE\WKHXVHRIDQPPREMHFWLYHUHVXOWLQJLQDIRFDOUDGLXVRI









2.3. Experimental procedure 
)LUVWLQYHVWLJDWLRQVRIVLQJOHDQGPXOWLSOHSXOVHVLUUDGLDWLRQIURPWKHILOPVLGHZHUHSHUIRUPHG)RUWKLVSXUSRVH
WKH VDPSOH ZDV LUUDGLDWHG ZLWK LQFUHDVLQJ SXOVH HQHUJ\ DQG GLIIHUHQW SXOVH QXPEHUV $IWHU ODVHU LUUDGLDWLRQ WKH
VDPSOH ZDV LQYHVWLJDWHG XVLQJ DQ RSWLFDO PLFURVFRSH DQG 6FDQQLQJ (OHFWURQ 0LFURVFRSH 6(0 WR DQDO\]H WKH
PRUSKRORJ\FKDQJHVDVZHOODVWKHVL]HRIWKHDEODWLRQDUHD,QRUGHUWRJHWDFFXUDWHPHDVXUHPHQWVWKHGLPHQVLRQV
RIDWOHDVWILYHLUUDGLDWLRQVSRWVZHUHPHDVXUHGIRUHDFKSDUDPHWHUVHW7KLVDOORZHGWKHFDOFXODWLRQRIWKHDYHUDJH












ZHUH REVHUYHG NJPDLQO\ YLVLEOH LQ RSWLFDOPLFURVFRSH LPDJHV GXH WR FRORU FKDQJHV2QO\ DW KLJK IOXHQFHV D
SDUWO\DEODWLRQRIWKHILOPLQWKHFHQWHUSDUWRIWKHLUUDGLDWLRQDUHDZDVDFKLHYHGD
7KH PRUSKRORJ\ WUDQVLWLRQV DIWHU LUUDGLDWLRQ ZLWK WZR SXOVHV DW ORZ IOXHQFH ZHUH VLPLODU WR WKH PRUSKRORJ\
FKDQJHVDIWHU VLQJOHSXOVH LUUDGLDWLRQ VHH)LJ UO%\ LQFUHDVLQJ WKH IOXHQFHDSDUWO\DEODWLRQRI WKH ILOPZDV
REWDLQHG LQ WKH FHQWHURI WKH LUUDGLDWLRQ DUHD O$WKLJKHU IOXHQFHV WKH VXUIDFHRI WKH OD\HUPHOWHG DQG DSSHDUHG
VPRRWK K %\ LQFUHDVLQJ WKH IOXHQFH WKH FRPSOHWH ILOPZDVPHOWHG GRZQ WR WKH VXEVWUDWH (YHQ DW WKH KLJKHVW
SRVVLEOHIOXHQFHPHOWUHVLGXXPUHPDLQHGLQVLGHWKHDEODWLRQDUHDE:LWKILYHRUPRUHSXOVHVWKHLUUDGLDWLRQDUHD







RI VXUIDFHV ZLWK OLQHDU SRODUL]HG ODVHU EHDPV 7KH /RZ 6SDWLDO )UHTXHQF\ /,366 /6)/ KDYH D SHULRG RI





WKHRULHV RI WKH JHQHUDWLRQ DUH VWLOO VXEMHFW RI FRQWURYHUVLDO GLVFXVVLRQ :LGHO\ DFFHSWHG PRGHOV LQFOXGH WKH











&RVWDFH HW DO 7KHVH VWUXFWXUHV DUH VRPHWLPHVGHVFULEHG LQ WKH OLWHUDWXUH DV FRDUVH ULSSOH &RVWDFKH HW DO
PLFURULSSOH*XDQHWDORUJURRYHV%RQVHHWDO
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)LJ6(0LPDJHVRIDEODWLRQPRUSKRORJLHVDIWHUVLQJOHDQGPXOWLSOHSXOVHLUUDGLDWLRQE\ILOPVLGHLUUDGLDWLRQ
:LWKKLJKSXOVHQXPEHUVDQGKLJKIOXHQFHV WKH VXUIDFHRI WKHJODVV VXEVWUDWHZDVDOVRFRYHUHGZLWK/,3667KLV




3.2. Single and multiple pulse ablation thresholds 
%\DSSO\LQJDSXOVHHQHUJ\DERYHWKHGDPDJHWKUHVKROG(WKDGDPDJHDUHDZLWKDGLDPHWHU'HIIFDQEHREVHUYHG
)RUD*DXVVLDQEHDPSURILOHWKHGHSHQGHQFHEHWZHHQWKHGDPDJHDUHDDQGWKHDSSOLHGSXOVHHQHUJ\FDQEHGHVFULEHG
E\ HTXDWLRQ  UHODWLQJ 'HII WR /Q(S %\ H[WUDSRODWLQJ WKH OLQHDU UHJUHVVLRQ ILW WR WKH [D[LV 'HII  WKH
GDPDJHWKUHVKROG(WKFDQEHREWDLQHG)XUWKHUPRUHWKHEHDPGLPHQVLRQUDGLXVZFDQEHFDOFXODWHGIURPWKH
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ILOPPRGLILFDWLRQRUKHDW DIIHFWHG ]RQH +$=ZDVGHILQHG DV WKH DUHDZKHUH WKHPLFURVWUXFWXUHRI WKH ILOPZDV
YLVLEOH FKDQJHG GXULQJ WKH ODVHU LUUDGLDWLRQ SURFHVV ZLWKRXW FRPSOHWH DEODWLRQ RI WKH WKLQ ILOP $ QHDUO\ OLQHDU
GHSHQGHQFHLQWKHVHPLORJDULWKPLFSORWZDVREVHUYHGIRUWKHILOPDEODWLRQEDQGWKHFXUYHVZHUHVKLIWHGWRZDUGV
ORZHUSXOVHHQHUJLHV DWKLJKHU DSSOLHGSXOVHQXPEHUV7KHFXUYHV IRU WKHPRGLILFDWLRQGLDPHWHUV ODLGDOO FORVH WR
HDFKRWKHUKRZHYHUWKH\VKRZHGDEHQGDWDSXOVHHQHUJ\RI-IOXHQFHRIP-FPð7KHUHIRUHWKHORZDQG
KLJKSXOVHHQHUJ\UHJLRQZHUHDQDO\VHGVHSDUDWHO\)URPWKHDEODWLRQFXUYHWKHDEODWLRQWKUHVKROGVDQGVSRWVL]HV
ZHUHHYDOXDWHGDQGDUH VKRZQ LQ)LJ D DQG F UHVSHFWLYHO\ DV D IXQFWLRQRI WKHDSSOLHGSXOVHQXPEHU7KH
FDOFXODWHGVSRWVL]HVIURPWKHVORSHZHUHORZHUWKDQWKHDSSOLHGVSRWVL]HDQGZHUHLQGHSHQGHQWIURPWKHDSSOLHG
SXOVHQXPEHUV VHH)LJ  F RQO\ D VOLJKW GLIIHUHQFH WR WKH VLQJOH SXOVH LUUDGLDWLRQZDV REVHUYHG)XUWKHUPRUH
GLIIHUHQWVSRWVL]HVZHUHHYDOXDWHGLQWKHKLJKDQGORZSXOVHHQHUJ\UHJLPHFRPSDUHEOXHDQGUHGLQGLFDWLQJWKH
EHQGLQWKHUHJUHVVLRQFXUYH7KHFDOFXODWHGVSRWVL]HVZHUHVLPLODUIRUWKHFRPSOHWHDEODWLRQDQGWKH+$=LQWKH
ORZ SXOVH HQHUJ\ UHJLPH JUHHQ DQG UHG 7KH GHYLDWLRQ EHWZHHQ WKH VSRW VL]H FDOFXODWHG IURP WKH UDZ EHDP
GLDPHWHU DQG IURP WKH UHJUHVVLRQ FXUYH PLJKW EH GXH WR WKH QRQSHUIHFW *DXVVLDQ EHDP SURILOH XVHG LQ WKH
H[SHULPHQWVEHFDXVHHTXDWLRQLVRQO\YDOLGIRUDSHUIHFW*DXVVLDQEHDPSURILOH
7KHSXOVHQXPEHUKDGQRVLJQLILFDQWLQIOXHQFHRQWKHWKUHVKROGIOXHQFHVIRUWKHKHDWDIIHFWHG]RQHVHH)LJD








7KHPXOWLSOH SXOVHV DEODWLRQ WKUHVKROG)WK1 IRU1 DSSOLHG ODVHU SXOVHV LV UHODWHG WR WKH VLQJOH SXOVH DEODWLRQ
WKUHVKROG )WK E\ WKH LQFXEDWLRQ PRGHO LQWURGXFHG E\ -HH HW DO  VHH HTXDWLRQ  7KHUHE\ 6 LV WKH
LQFXEDWLRQ FRHIILFLHQW DQG FKDUDFWHUL]HV WKH H[WHQW WR ZKLFK LQFXEDWLRQ RFFXUV 7KH VPDOOHU WKH LQFXEDWLRQ
FRHIILFLHQWWKHVWURQJHULVWKHLQFXEDWLRQHIIHFW
    Sthth NFNF    
D E







-DHJJL HW DO  %\VNRY1LHOVRQ HW DO  $V D FRQVHTXHQFH WKH VXUIDFH UHIOHFWLYLW\ GHFUHDVHV DQG WKH
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,Q)LJEORJDULWKPLFSORWVRIWKHDFFXPXODWHGIOXHQFH1)WK1DVDIXQFWLRQRIWKHDSSOLHGSXOVHQXPEHU1DUH
VKRZQ)URPWKHORJDULWKPLFSORWDOLQHDUGHSHQGHQFHZHUHREWDLQHG7KHILW\LHOGHGDQLQFXEDWLRQFRHIILFLHQW6RI
DQG IRU WKHKHDW DIIHFWHG]RQHDQG WKHFRPSOHWH DEODWLRQRI WKH1LFNHO&KURPLXP$OOR\
ILOP UHVSHFWLYHO\ 7KH YDOXH RI WKH LQFXEDWLRQ FRHIILFLHQW LQGLFDWHG DQ DFFXPXODWLRQ EHKDYLRXU IRU WKH FRPSOHWH
DEODWLRQ RI WKH ILOP ZLWK LQFUHDVLQJ SXOVH QXPEHU 7KH KHDW DIIHFWHG ]RQH KRZHYHU VKRZHG QR VLJQLILFDQW
LQFXEDWLRQ EHKDYLRXU 7KH GLIIHUHQW EHKDYLRXU RI WKH OD\HU PLJKW EH H[SODLQHG E\ WKH GLIIHUHQW SURFHVVHV IRU
JHQHUDWLQJ WKHPRUSKRORJLHV)RU WKH+$=RQO\DPRGLILFDWLRQZLWKRXWVLJQLILFDQWDEODWLRQRI WKH OD\HURFFXUUHG
ZKHUHDVWKHFRPSOHWHDEODWLRQZDVDFKLHYHGGXHWRPHOWLQJDQGHYDSRUDWLRQRIWKHWKLQILOP)XUWKHUPRUHWKHVLQJOH
SXOVH WKUHVKROGV ZHUH HVWLPDWHG IURP WKH UHJUHVVLRQ FXUYH ZLWK P-FPð P-FPð DQG
P-FPð IRU WKH FRPSOHWH DEODWLRQ RI WKH WKLQ ILOP WKH ORZ DQG KLJK SXOVH HQHUJ\ UHJLPH RI WKH ILOP





LQGHSHQGHQW IURP WKH DSSOLHG SXOVH QXPEHU+RZHYHU WKHPLQLPDO DEODWLRQGLDPHWHUV GHFUHDVHGZLWK LQFUHDVLQJ
SXOVHQXPEHUJUHHQWULDQJOHIURPDSSUR[LPDWHO\PWRP7KHUHE\PXFKVPDOOHUPRGLILFDWLRQ+$=DQG
DEODWLRQGLDPHWHUVZHUHJHQHUDWHGFRPSDUHGWRWKHDSSOLHGVSRWGLDPHWHURIP7KHJHQHUDWHGVWUXFWXUHVZHUH
E\ D IDFWRU RI  DQG  VPDOOHU WKDQ WKH VSRW GLDPHWHU IRU WKHPRGLILFDWLRQ DQG WKH DEODWLRQ UHVSHFWLYHO\ 7KH
DSSOLHG IOXHQFHV IRU WKH PLQLPDO DEODWLRQ GLDPHWHUV GHFUHDVHG ZLWK LQFUHDVLQJ SXOVH QXPEHU UHG VTXDUH IURP
P-FPðWRP-FPð:KHUHDVWKHDSSOLHGIOXHQFHVIRUWKHPLQLPDOKHDWDIIHFWHGDUHDZHUHLQGHSHQGHQWIURP
WKH SXOVH QXPEHU ZLWK P-FPð 7KHVH YDOXHV ZHUH LQ JRRG DJUHHPHQW ZLWK WKH FDOFXODWHG WKUHVKROG
IOXHQFHVVHH)LJD








 $ FUDFNLQJ RI WKH JODVV VXEVWUDWH DV ZHOO DV WKH WKLQ ILOP RFFXUUHG VHH )LJ  DF 'XH WR WKH KLJK
UHSHWLWLRQ UDWH WKH WKHUPDO ORDG LQ WKH JODVV VXEVWUDWHZDV WRRKLJK DQG OHG WR WKH FUDFNLQJ)XUWKHUPRUH DW KLJK
UHSHWLWLRQUDWHVHVSHFLDOO\DWN+]WKHHGJHRIWKHDEODWLRQFUDWHUZDVEOXUUHGSRVVLEOHGXHWRDKLJKHUDPRXQW
RIPHOWLQJ DINS:LWKGHFUHDVLQJSXOVH UHSHWLWLRQ UDWH/,366ZHUHEHWWHUSURQRXQFHGIM$WSXOVH UHSHWLWLRQ
UDWHV RI N+] DQG EHORZ QR VLJQLILFDQW GLIIHUHQFH LQ WKH DEODWLRQ PRUSKRORJ\ ZDV REVHUYHG 7KHUHIRUH WKH
DSSOLFDEOHUHSHWLWLRQUDWHZDVOLPLWHGWRDPD[LPXPRIN+]:LWKGHFUHDVLQJSXOVHUHSHWLWLRQUDWHWKHPLQLPDO










DWDSXOVHHQHUJ\RI- IOXHQFHRIP-FPð7KHUHIRUH WKH ORZDQGKLJKSXOVHHQHUJ\UHJLRQZHUHDQDO\VHG







7DQ HW DO +RZHYHU WKH VLPXODWLRQV RI:HEHU HW DO  LQGLFDWHG D VLJQLILFDQW KHDW DFFXPXODWLRQ LQ
&U1LVWHHOHYHQDWSXOVHUHSHWLWLRQUDWHVZHOOEHORZ0+]7KHKHDWDFFXPXODWLRQVHHPVWRGHSHQGVWURQJO\RQWKH
PDWHULDOSDUDPHWHUV
)XUWKHUPRUH WKH PLQLPXP IOXHQFHV DW ZKLFK D PRGLILFDWLRQ RI WKH WKLQ ILOP ZDV DFKLHYHG ZHUH GHWHUPLQHG
EODFN FLUFOHV 7KHVH PLQLPDO IOXHQFHV DOVR GHFUHDVHG ZLWK LQFUHDVLQJ SXOVH UHSHWLWLRQ UDWH DQG ZHUH LQ JRRG
DJUHHPHQWZLWKWKHFDOFXODWHGWKUHVKROGIOXHQFHVOLJKWEOXHFLUFOH)RUWKHORZIOXHQFHUHJLPHWKHFDOFXODWHGVSRW




ZHUH VWHHSHU DQG D KLJKHU VSRW VL]H FRXOG EH FDOFXODWHG DW KLJKHU SXOVH UHSHWLWLRQ UDWHV $Q LQFUHDVH RI WKH
DFFXPXODWHG KHDWZLWK LQFUHDVLQJ SXOVH UHSHWLWLRQ UDWH DVZHOO DVZLWK LQFUHDVLQJ SXOVH HQHUJ\ZDV VLPXODWHG E\
:HEHU DW DO  7KH PLQLPDO DEODWLRQ GLDPHWHUV GHSHQGHQW IURP WKH SXOVH UHSHWLWLRQ UDWH ZHUH PHDVXUHG
SXUSOHFURVVDQGDOVRUHPDLQHGQHDUO\FRQVWDQWDWPZHOOEHORZWKHDSSOLHGVSRWGLDPHWHURIP
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)LJDVTXDUHGGLDPHWHURI+$=DVDIXQFWLRQRIWKHDSSOLHGSXOVHHQHUJ\IRUGLIIHUHQWSXOVHUHSHWLWLRQUDWHVDQGEGHWHUPLQHGWKUHVKROG










DW WKH HGJH RI WKH DEODWLRQ FUDWHU DQ DUHD FRYHUHG E\ /DVHU ,QGXFHG 3HULRGLF 6XUIDFH 6WUXFWXUHV /,366 ZDV
REVHUYHG$WKLJKSXOVHQXPEHUVDQGKLJKIOXHQFHVDOVRWKHVXUIDFHRIWKHJODVVVXEVWUDWHZDVFRYHUHGZLWK/,366
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